Patterned spontaneous activity is a hallmark of developing sensory systems. In the auditory system, rhythmic bursts of spontaneous activity are generated in cochlear hair cells and propagated along central auditory pathways. The role of these activity patterns in the development of central auditory circuits has remained speculative. Here we demonstrate that blocking efferent cholinergic neurotransmission to developing hair cells in mice that lack the a9 subunit of nicotinic acetylcholine receptors (a9 KO mice) altered the temporal fine structure of spontaneous activity without changing activity levels. KO mice showed a severe impairment in the functional and structural sharpening of an inhibitory tonotopic map, as evidenced by deficits in synaptic strengthening and silencing of connections and an absence in axonal pruning. These results provide evidence that the precise temporal pattern of spontaneous activity before hearing onset is crucial for the establishment of precise tonotopy, the major organizing principle of central auditory pathways.
INTRODUCTION
Before the developing brain responds to external stimuli, the dominant activity in neuronal pathways consists of spontaneously generated action potentials. This spontaneous activity is typically characterized by rhythmic bursts of high levels of activity separated by periods of quiescence (Hanson and Landmesser, 2003; Kirkby et al., 2013; Meister et al., 1991) . Similar burst-like activity is also present in the developing auditory system before the onset of hearing (i.e., sensitivity to airborne sound; Jones et al., 2007; Kotak and Sanes, 1995; Lippe, 1994; Sonntag et al., 2009; . Prehearing activity bursts originate in cochlear inner hair cells (IHCs), which fire trains of calcium action potentials (Glowatzki and Fuchs, 2000; Johnson et al., 2011; Kros et al., 1998; Tritsch et al., 2007) that are transmitted to spiral ganglion cells and are faithfully propagated along ascending central auditory pathways .
Before hearing onset, IHCs are transiently innervated by the efferent axons of medial olivocochlear neurons, a cholinergic cell group located in the ventral brainstem (Simmons et al., 1996; Warr and Guinan, 1979) . At hair cells, acetylcholine activates nicotinic acetylcholine receptors (AChRs) that contain calcium-permeable a9 and a10 subunits (Elgoyhen et al., 1994; Vetter et al., 1999) . Calcium influx through these a9-containing AChRs rapidly activates small-conductance potassium channels, resulting in the hyperpolarization of IHCs and an inhibition of calcium spike generation (Glowatzki and Fuchs, 2000; Katz et al., 2004) . The transient cholinergic modulation of immature IHCs may be a mechanism that modulates the level or temporal pattern of cochlea-generated prehearing activity (Glowatzki and Fuchs, 2000; Johnson et al., 2011) .
In analogy to other neuronal systems (Hanson and Landmesser, 2004; Kirkby et al., 2013) , it has been widely assumed that cochlea-generated patterns of spontaneous activity play an important role in the development of the auditory system. Whereas the rate of IHC spikes is important for the maturation of vesicle fusion at IHC synapses (Johnson et al., 2013) , a causal link between patterned activity and the developmental organization of central auditory circuits has remained speculative due to difficulties in experimentally altering the temporal patterns of spontaneous activity without also severely changing the overall levels of cochlea-generated activity. For instance, blocking cochlea-generated activity before hearing onset leads to the degeneration of spiral ganglion neurons and their postsynaptic targets in the ventral cochlear nucleus (Hashisaki and Rubel, 1989; Hirtz et al., 2011; Seal et al., 2008) , and it interferes with the maturation of neuronal and synaptic properties in higher order auditory neurons (Cao et al., 2008; Couchman et al., 2011; Kotak and Sanes, 1996; Leao et al., 2006; Youssoufian et al., 2005) . Conflicting results have been obtained as to whether prehearing activity plays a role in the formation of precise tonotopic maps, the major organizational principle of auditory pathways. In congenitally deaf mice, the tonotopic organization of central auditory pathways appears normal before hearing onset (Cao et al., 2008; Noh et al., 2010; Rubel and Fritzsch, 2002; Youssoufian et al., 2008) , whereas in neonatally deafened cats (Leake et al., 2006) or gerbils (Sanes and Taká cs, 1993) , tonotopic organization of brainstem pathways is less precise.
In this study, we investigated whether changes in the temporal pattern of spontaneous activity affect the development of a central tonotopic map. We hypothesized that spontaneous activity patterns would be altered in mice in which the a9 AChR subunit has been genetically deleted (a9 knockout [KO] mice) (Vetter et al., 1999) . Because a9-containing AChRs are not expressed in the brain (Allen Institute for Brain Science, 2012; Vetter et al., 1999; Zuo et al., 1999) , cholinergic transmission in a9 KO mice is abolished in cochlear hair cells while remaining normal in central auditory pathways. Single unit recordings from inhibitory neurons in the medial nucleus of the trapezoid body (MNTB) revealed that a9 KO mice exhibit altered temporal spike patterns while having normal levels of spontaneous activity. To determine whether this affects the development of tonotopic maps, we characterized the synaptic and anatomical refinement of the inhibitory pathway from the MNTB to the lateral superior olive (LSO), an inhibitory pathway in the mammalian sound localization system whose development has been well characterized both physiologically and anatomically (Friauf, 2004; Kandler and Gillespie, 2005 ). Our results demonstrate that, compared to wild-type (WT) mice, in a9 KO mice, the strengthening and silencing of inhibitory MNTB-LSO connections before hearing onset was impaired, leading to a reduced sharpening of functional topography. In addition, a9 KO mice have severe deficits in the axonal pruning that occurs in normal mice during the first week after hearing onset. These results provide evidence that the precise temporal pattern of spontaneous activity before hearing onset is crucial for the development of a precise tonotopic map.
RESULTS

Altered Temporal Structure of Spontaneous Activity in a9 KO Mice
To test whether a loss of cholinergic innervation of IHCs alters the level or the temporal patterns of spontaneous activity in central auditory pathways, we recorded single units from the MNTB in WT and a9 KO mice before hearing onset ( Figure 1A) . We chose the MNTB because the spontaneous firing of MNTB neurons faithfully follows the spike patterns of spiral ganglion neurons and because these recordings directly reveal the presynaptic activity in the MNTB-LSO pathway. In WT mice, spontaneous action potentials (APs) occurred in bursts that were separated by periods of low, sporadic activity (Figure 1B ; Figure S1 available online). Single events exhibited the characteristic complex waveform composed of a pre-and postsynaptic component typical for MNTB neurons (Sonntag et al., 2009) . Bursts occurred five to six times per minute (5.6 ± 0.3 bursts/min, n = 21 cells), with a mean burst duration of 5.5 ± 0.8 s and a mean firing rate during bursts of 8.4 ± 0.7 Hz ( Figures  1G-1J ). During bursts, spikes did not occur randomly, as indicated by a coefficient of variation of interspike intervals (ISIs) significantly greater than one (1.9 ± 0.1, n = 21 cells). Instead, most spikes in a burst were clustered into ''mini-bursts,'' which occurred at approximately 2 Hz ( Figure 1K ) and consisted of two to nine APs (2.3 ± 0.1 APs/mini-burst) occurring at high rates (383 ± 13 Hz; range, 275-481 Hz). The clustering of spikes into bursts and mini-bursts resulted in ISI histograms with distinct peaks ( Figures 1D and 1F ) very similar to those previously described for spiral ganglion neurons and MNTB neurons in rats and spiral ganglion neurons in neonatal cats (Jones et al., 2007) .
In a9 KO mice, the mean firing rate of MNTB neurons was indistinguishable from the rate in WT mice ( Figure 1G ; p = 0.58, Student's t test). In addition, bursts occurred with a similar frequency as in WT mice ( Figure 1H ; p = 0.31). However, burst duration was 49% shorter in a9 KO mice than in WT mice ( Figure 1I ; p = 0.0036), and during bursts the mean firing rate was increased by 83% ( Figure 1J ; p = 0.00002). Accordingly, the mean frequency of mini-bursts and single spikes was 71% and 82% higher, respectively, in KO mice (Figures 1K and 1L ; p = 0.0018 and p = 0.00034), whereas the fraction of spikes that belonged to mini-bursts remained the same (58% both in WT and KO, p = 0.98). These changes resulted in marked differences in the population ISI histograms ( Figures 1E and 1F ). Whereas the first peak of the ISI histogram was similar in KO and WT mice (peaks at $4 ms), the second peak, which reflects the intervals between mini-bursts, was significantly shifted toward shorter values (from $120 ms in WT to $40 ms in a9 KO mice). Interestingly, the higher firing rates during bursts in a9 KO mice had no effect on the lengthening-shorting pattern of ''spike cluster'' intervals (mini-bursts and single APs) that occurs during bursts , indicating that the temporal dynamics of spike clusters were unaffected in a9 KO mice ( Figure 1M ). Taken together, loss of functional cholinergic transmission to hair cells was associated with relatively subtle changes in spontaneous activity as overall spike rate or the burst-like nature of the activity of MNTB neurons remained unchanged, while the duration of bursts was reduced and intraburst firing was increased.
Refinement of Functional Connectivity of the MNTB-LSO Pathway before Hearing Onset Is Impaired in a9 KO Mice We next investigated whether the topographic sharpening of MNTB-LSO maps and the synaptic refinement of MNTB-LSO connections before hearing onset is affected by the altered activity pattern in a9 KO mice. We first used focal glutamate uncaging to characterize the development of functional MNTB-LSO maps. In WT mice, there was a developmental decrease in the area of the MNTB that provides synaptic input to individual LSO neurons (MNTB input area), indicating a sharpening of the functional MNTB-LSO map. Between postnatal days (P) 1 and 12, the average MNTB input area decreased by 63% (Figures 2A and 2B ). Along the tonotopic (mediolateral) axis of the MNTB, the width of input areas decreased by 45% ( Figure 2C ), indicating an approximate 2-fold increase in the topographic precision of connectivity along the tonotopic axis. These results are in line with previous results from other mouse strains and from rats (Kim and Kandler, 2003; Noh et al., 2010) .
In newborn a9 KO mice, the size of MNTB input areas was similar to those of WT mice (32% ± 3%, P1-P3, n = 6, p = 0.46, Student's t test; Figures 2A and 2B ), indicating that the initial formation of MNTB-LSO topography occurs normally in a9 KO mice. Over the next 7-10 days, the size of MNTB input areas in a9 KO mice decreased by 44% (to 18% ± 2% at P10-P12, n = 16), but this decrease was significantly smaller than that in WT mice (p < 0.01, Student's t test). Therefore, at hearing onset, MNTB input areas were on average 80% larger in a9 KO mice than in WT mice (18% ± 2% in a9 KO versus 10% ± 2% in WT at P10-P12; p = 0.01, Student's t test, Figure 2B ). These larger input areas spread over 27% of the mediolateral axis of the MNTB, a 50% increase compared to WT mice ( Figure 2C ). The larger input maps in a9 KO mice were not due to a smaller cross-sectional MNTB area (WT: 69 3 10 3 ± 3.2 3 10 3 mm; a9 KO: 63.5 3 10 3 ± 1.8 3 10 3 mm; p = 0.15, Student's t test) or to differences in the spatial resolution of glutamate uncaging ( Figure S2 ) that may be caused by altered neuronal excitability or glutamate sensitivity of MNTB neurons in a9 KO mice.
We next examined whether the decrease in MNTB-LSO convergence that occurs during the first 2 postnatal weeks was altered in a9 KO mice. We used minimal and maximal stimulation techniques, which provide a measure of the strength of single MNTB-LSO fiber connections and of all converging MNTB fibers (Gil et al., 1999; Hirtz et al., 2012; Kandler, 2003, 2010) . In P1-P3 mice, the maximal response amplitudes did not differ between WT and a9 KO mice ( Figures 3A, 3B , and 3E). The developmental increase of maximal response amplitude between P1 and P12 was also similar in both genotypes with an approximate 6-fold increase in WT mice and an approximate 5-fold increase in a9 KO mice ( Figure 3E ), resulting in maximum responses at P10-P12 that did not differ significantly between genotypes (p = 0.21, Student's t test). Thus, despite receiving inputs from a significantly larger MNTB area, in a9 KO mice the total amount of inhibition received by individual LSO neurons at hearing onset was unchanged.
In contrast to a normal increase in the maximal responses, in a9 KO mice the increase in single-fiber responses was significantly impaired ( Figures 3A-3D) . In WT mice, we observed a 16-fold increase in single-fiber response amplitude between P1-P3 and P10-P12, whereas in a9 KO mice, this increase was only 7-fold. Consequently, at P10-12 single-fiber response amplitudes were significantly smaller in a9 KO mice than in WT mice (p < 0.01, Figure 3E ). The amplitude distributions and cumulative histograms of single-fiber postsynaptic currents (PSCs) indicate that the smaller average PSC amplitude in a9 KO mice is due to a higher prevalence of weak inputs (<100 pA; Figure 3G ; p = 0.001, Kolmogorov-Smirnov test). This conclusion is supported by the smaller peak amplitudes elicited from individual uncaging sites in P10-P12 a9 KO mice in the mapping experiments ( Figure S3 and Table S1 ). In contrast to the reduced amplitudes of single-fiber responses, the kinetics of single-fiber responses, such as the decay and rise times, did not differ between WT and a9 KO mice ( Figure S4 ), suggesting that other basic properties of synaptic transmission at the MNTB-LSO synapse, such as release synchronicity, the type of neurotransmitters released, and postsynaptic receptor composition, develop normally in a9 KO mice.
The observed decrease in single-fiber response amplitudes in a9 KO mice may reflect more distal dendritic locations of inputs rather than a reduction of their actual strength. This possibility, however, seems unlikely because the rise times (which correlate with the electrotonic distance between recording site and synapse site) not differ between the genotypes ( Figure S4 ) and the rise times were also not correlated with the amplitude of the synaptic currents (WT: r = À0.15, p = 0.33; KO: r = À0.09, p = 0.51). Therefore, smaller single-fiber responses combined with unchanged maximal responses suggest that LSO neurons in a9 KO mice are contacted by a larger number of MNTB neurons, each of which forms weaker connections.
To estimate the convergence of MNTB inputs to LSO neurons, we used bootstrap resampling of the mean single-fiber and maximal PSC amplitudes (see Supplemental Experimental Procedures). Between P1 and P12, the MNTB-LSO convergence decreased by 57% in WT mice (from 23 ± 6 inputs to 10 ± 2 inputs per LSO neuron), whereas in a9 KO mice this decrease was only 22% (27 ± 7 inputs to 21 ± 6 inputs; Figure 3F) . Thus, in a9 KO mice, individual LSO neurons receive inputs from twice as many MNTB neurons compared to LSO neurons in WT mice (p = 0.03, permutation test). Taken together, both functional mapping and minimal/maximal stimulation experiments demonstrate that the strengthening and elimination (silencing) of individual MNTB inputs are impaired Figure S3 and Table S2 . The MNTB is outlined in black. Stimulation locations are depicted as squares and locations in the MNTB from which responses could be elicited are shown filled in red (see Experimental Procedures for details). (B) Mean input areas normalized to the corresponding MNTB area in WT and a9 KO mice aged P1-P3 and P10-P12. In WT mice, normalized MNTB input areas decreased by 63% (from 27% ± 5% at P1-P3 [n = 7] to 10% ± 2% at P10-P12 [n = 14]; p < 0.01, Student's t test), whereas in KO mice, input areas decreased by 44% (from 32% ± 3% at P1-P3 [n = 6] to 18 ± 2% at P10-P12 [n = 16]; p < 0.01). At P10-P12, input maps in KO mice were 80% larger than in WT mice (p = 0.01). (C) Developmental changes in the normalized mediolateral width of MNTB input maps in WT and a9 KO mice. In WT mice, the width decreased by 45% (from 33% ± 5% at P1-P3 [n = 7] , to 18% ± 2% at P10-P12 [n = 14]; p < 0.01), whereas in a9 KO mice the width decreased by 34% (from 41% ± 3% at P1-P3 to 27% ± 3% at P10-P12; p < 0.01). At P10-P12, the tonotopic width of input maps was 50% larger in a9 KO mice than in WT mice (p = 0.01). All error bars represent SEM. See also Figure S2 and Table S1. in a9 KO mice, resulting in a deficit in the sharpening of functional MNTB-LSO maps.
Functional Refinement Is Accompanied by Axonal Growth in Both WT and a9 KO Mice Topographic refinement of the MNTB-LSO pathway also involves the pruning of MNTB axons and LSO dendrites (Rietzel and Friauf, 1998; Sanes and Siverls, 1991) . We therefore analyzed the axonal termination patterns of individual MNTB axons in the developing LSO to investigate whether axonal pruning is affected in a9 KO mice. To this end, individual MNTB neurons in brain slices were filled with biocytin and their axonal projections to the LSO reconstructed ( Figure S5 ). Because the axonal termination field and the magnitude of pruning of MNTB-LSO axons depend on the tonotopic (mediolateral) location (Sanes and Siverls, 1991), we restricted our analysis to (E) Average amplitudes of synaptic responses elicited by minimal and maximal stimulation. In WT animals, maximal responses increased from 0.75 ± 0.12 nA at P1-P3 (n = 26) to 4.23 ± 0.54 nA at P10-P12 (n = 42), and minimal responses increased from 30 ± 4 pA at P1-P3 (n = 22) to 470 ± 93 pA at P10-P12 (n = 43). In a9 KO mice, maximal responses increased from 0.82 ± 0.16 nA at P1-P3 (n = 18) to 3.93 ± 0.36 nA at P10-P12 (n = 57) and minimal responses from 29 ± 9 pA at P1-P3 (n = 18) to 200 ± 52 pA at P10-P12 (n = 57). The amplitude of minimal responses at P10-P12 was significantly smaller in a9 KO mice compared to WT mice (*p < 0.01, Student's t test). (F) Bootstrap analysis of MNTB-LSO convergence. In WT mice, the mean convergence decreased from 23 ± 6 MNTB fibers per LSO neuron at P1-P3 to 10 ± 2 MNTB fibers per LSO neuron at P10-P12. In KO mice, the mean convergence was 27 ± 7 MNTB fibers per LSO neuron at P1-P3 (not significantly different from WT mice, p = 0.66, permutation test) and 21 ± 6 MNTB fibers/ LSO neuron at P10-P12, significantly higher than WT mice (p = 0.03, permutation test). (G) Amplitude and cumulative histograms of minimal stimulation responses in WT and a9 KO mice (*p = 0.001, Kolmogorov-Smirnov test). All error bars represent SEM. See also Figure S4 .
MNTB neurons that were located in the medial, high-frequency part of the MNTB (Table S2) .
During the first 2 postnatal weeks, there was a substantial growth of MNTB-LSO axons in WT mice, and the average number of boutons per MNTB-LSO axon increased approximately 2.5-fold (Figure 4 ). To quantitatively and objectively estimate the topographic specificity of axon terminals, an ellipse that maximized the density of enclosed boutons was fit to the twodimensional projection of the boutons. The ellipse area represents the area innervated by a single MNTB axon (bouton area), whereas the length of the short axis of the ellipse provides a measure of the spread of boutons along the tonotopic axis (bouton spread).
In WT mice, the bouton area increased almost 2-fold before hearing onset (p < 0.01, Student's t test; Figure S6A ), and bouton spread along the tonotopic axis increased approximately 1.4-fold (p < 0.01, Student's t test; Figure S6B ). This expansion of the bouton area, however, was matched by an almost 2-fold expansion of the cross-sectional area of the LSO ( Figure S6C ) and as a result, bouton area and bouton spread, when normalized to the LSO cross-sectional area and length, respectively, remained unchanged before hearing onset (Figures 4D and 4E ; p = 0.99 for normalized area; p = 0.29 for normalized spread, Student's t test). Thus, despite the considerable refinement of functional MNTB-LSO maps, on an anatomical level, the degree of topographic accuracy remains constant before hearing onset.
In a9 KO mice, the average number of boutons per MNTB-LSO axon increased 2.9-fold before hearing onset, similar to the increase in WT mice, resulting in bouton numbers at P12-P14 that did not differ significantly between genotypes (p = 0.55; Figures 4A-4C ). In addition, the cross-sectional area of the LSO, normalized bouton area, and normalized bouton spread at either P2-P4 or P12-P14 did not differ between genotypes (Figures 4  and S6 ; p > 0.1). This indicates that the growth of MNTB axons and the expansion of the LSO before hearing onset were normal in a9 KO mice despite their deficits in functional refinement.
To investigate whether the addition of new boutons occurred in a random or in a spatially guided manner, we determined the density of boutons across the termination field during prehearing development. In P2-P4 mice, the average bouton density was relatively flat across the termination area, with only a slight increase toward the center (bouton centroid; Figures 5A and 5B). Over the next 2 weeks, new boutons were added preferentially to the center of the termination field ( Figure 5B ), resulting in a prominent bouton-dense peak at hearing onset. A similar pattern of bouton formation was also present in a9 KO mice, yielding a spatial distribution of boutons that closely resembles that of WT mice at hearing onset ( Figures 5C and 5D ). These results indicate that boutons are primarily added to the tonotopic center of the termination area and that the spatial pattern of bouton addition is not altered in a9 KO mice.
Axonal Pruning Occurs after Hearing Onset in WT Mice and Is Absent in a9 KO Mice During the first week after hearing onset, the number of boutons per MNTB axon decreased by $50% in WT mice (p < 0.001; Figure 6 ). This pruning was associated with a 50% decrease in bouton area (p < 0.001; Figures 6 and 7A ) and a 35% decrease (D) The average bouton area, normalized to LSO cross-sectional area, does not change before hearing onset and does not differ between WT and a9 KO mice at either age (P2-P4: 19.7 ± 1.7% in WT versus 15.5 ± 2.2% in KO, p = 0.14, Student's t test; P12-P14: 19.6 ± 1.1% in WT versus 21.3 ± 2.6% in KO, p = 0.54, Student's t test). (E) The average width of boutons along the LSO tonotopic axis, normalized to LSO length, does not change before hearing onset and does not differ between WT and a9 KO mice at either age (P2-P4: 23.3 ± 2.3% in WT versus 20.6 ± 1.5% in KO, p = 0.33, Student's t test; P12-P14: 20.7 ± 1.1% in WT versus 23.1 ± 2.1% in KO, p = 0.28, Student's t test). Errors bars represent SEM. P2-P4: n = 9 axons from six WT animals and nine axons from eight a9 KO animals. P12-P14: n = 10 axons from eight WT animals and eight axons from six a9 KO animals. See Figure S6 for absolute values.
in bouton spread along the tonotopic axis (p = 0.002). The bouton elimination occurred not only at the periphery, but also at the very center of the distribution ( Figure 7B , gray versus black). In fact, shifting the distribution curve at P12-P14 by subtracting a constant number of boutons yielded a close match for the distribution at P19-P21 ( Figure 7B , thick gray line versus black; correlation coefficient = 0.84). These results indicate that bouton elimination is not biased toward ''inappropriate'' boutons at the periphery of the termination area, but rather occurs homogeneously across the entire termination field, a process best described by a ''sinking iceberg'' scenario. Surprisingly, in a9 KO mice, which have no obvious hearing deficits (May et al., 2002; Vetter et al., 1999) , the pruning of MNTB-LSO boutons after hearing onset was absent ( Figures  6B-6E ). Bouton areas in a9 KO mice were over twice as large as in WT mice and boutons were distributed over twice the distance along the LSO frequency axis (Figures 6 and 7 ; area: p < 0.0001, width: p = 0.002, Student's t test). The spatial distribution of boutons along the tonotopic axis further demonstrates the difference between genotypes at P19-P21 ( Figure 7D , black versus red). The cross-sectional area and length of the LSO in a9 KO mice was not different from that in WT mice ( Figure S6C ; area, p = 0.16; length, p = 0.69; Student's t test). Thus, in a9 KO mice, sharpening of the structural MNTB-LSO map was virtually absent, resulting in the maintenance of an immature, less precise tonotopic map.
Although a9 KO mice have seemingly normal hearing as defined by threshold and gain of compound action potentials (Vetter et al., 1999) , auditory brainstem responses, tone detection, and intensity discrimination (May et al., 2002) , neurons in the cochlear nucleus, MNTB or LSO of a9 KO mice may still have subtle changes in their spontaneous or sound-evoked activity, which may interfere with the pruning process. We thus reasoned that if pruning of the MNTB-LSO pathway is indeed sensitive to slight changes in activity patterns, then pruning should be altered in mice in which sound-evoked activity is substantially altered. To test this possibility, we raised mouse pups from P8 until P19-P21 in pulsed white noise, an acoustic environment that severely disrupts the maturation of tonotopic maps in the primary auditory cortex (Zhang et al., 2002) and the frequency tuning of neurons in the inferior colliculus (Sanes and Constantine-Paton, 1983) . As shown in Figure 8 , pulsed noise-reared mice displayed normal pruning of MNTB-LSO that was indistinguishable from that in WT mice. The distance of filled MNTB neurons to the medial edge of the MNTB did not differ between WT and noise-reared mice (p = 0.31, Student's t test), indicating that we sampled MNTB neurons from a similar frequency region. These results further support the notion that pruning of MNTB-LSO axons does not depend on normal spatiotemporal patterns of sound-evoked activity and argues against the possibility that subtle changes in posthearing activity in a9 KO mice underlie the absence of pruning in these mice.
No Obvious Deficits in Cochlear Nucleus
Projections to the MNTB in a9 KO Mice Finally, we addressed the possibility that in a9 KO mice the projection from the cochlear nucleus (CN) to the MNTB is disturbed, which then may ''propagate'' to the MNTB-LSO pathway. MNTB neurons receive their excitatory input from globular bushy cells that are located exclusively in the contralateral cochlear nucleus (Kuwabara et al., 1991; Tolbert et al., 1982) . Globular bushy cell axons give rise to a single, large glutamatergic synapse, the calyx of Held, which contacts a single MNTB neuron. This typical connection pattern persists in congenitally deaf mice (Youssoufian et al., 2008) , but cochlear ablation in neonatal animals disrupts the strict contralateral innervation of the MNTB (Kitzes et al., 1995) . Using in vitro biocytin tracing (B) Histograms of the average distribution of boutons per MNTB axon along the LSO frequency axis in WT mice at P2-P4 (gray) and P12-P14 (black). The x-axis represents bouton positions with respect to the centroid of the bouton fields, and the bin size was 2% of the LSO length. Asterisks (*) mark the bins where the mean number of boutons significantly differed (p < 0.05, Student's t test) between the P2-P4 (n = 9 axons) and P12-P14 (n = 10 axons) WT groups. Error bars represent SEM. (C) Heat maps for a9 KO mice. (D) Histograms for a9 KO mice. Asterisks (*) mark the bins that are significantly different between the P2-P4 (magenta, n = 9 axons) and P12-P14 (red, n = 8 axons) KO groups. The histogram for WT P12-P14 from (B) is also plotted for comparison (black). The mean bouton numbers did not significantly differ between genotypes at P12-P14 (black versus red) at any bins (p > 0.1, Student's t test). See Figure S6 for absolute values.
(P10-P14; 17 KO and 9 WT mice), we found no evidence for abnormal CN projections or altered calyx morphology in a9 KO mice (Figure 9 ). In both WT and a9 KO mice, CN axons innervated the ipsilateral but not contralateral LSO, and calyces were present exclusively in the contralateral MNTB. In both genotypes, we observed the occasional retrogradely labeled MNTB neuron as reported previously in other species (Schofield, 1995; Winter et al., 1989) . Calyx morphology in a9 KO mice appeared normal, showing the typical engulfment of postsynaptic neurons with several typical finger-like processes ( Figure 9B ; Morest, 1968; Kandler and Friauf, 1993; Hoffpauir et al., 2006) .
DISCUSSION
Before hearing onset, neuronal activity in the auditory system is characterized by stereotypical patterns of spiking activity, yet the role of these patterns in the formation of precise auditory circuits has remained speculative. In this study, we addressed this question by characterizing the functional and anatomical emergence of precise tonotopy in the inhibitory MNTB-LSO pathway of a9 KO mice, which lack the expression of a9 AChR subunits in cochlear hair cells, and thus lack classic olivocochlear feedback activity (Vetter et al., 1999) . In vivo recordings from MNTB neurons in a9 KO mice demonstrated that the functional denervation of efferent cholinergic transmission had no effect on average spontaneous spike rates or overall burstactivity but that it distinctively changed the temporal pattern of spontaneous spikes. Compared to WT mice, LSO neurons in a9 KO mice exhibited reduced strengthening of single-axon MNTB-LSO connections, retained more MNTB inputs, and had an impaired refinement of functional MNTB-LSO maps before hearing onset. Although axonal growth and the formation of boutons were normal in a9 KO mice before hearing onset, the pruning of MNTB axon branches, which in WT mice occurred after hearing onset, was virtually absent in a9 KO mice. These results provide strong evidence that the precise temporal pattern of spontaneous prehearing activity is crucial for the formation of precise tonotopy in a central auditory pathway.
Cholinergic Modulation of Spontaneous Activity
Immature IHCs are able to generate calcium action potentials (Kros et al., 1998; Marcotti, 2012) , which are elicited or modulated by ATP release from Kö lliker's organ, a transient structure in the immature cochlea (Johnson et al., 2011 (Johnson et al., , 2012 Tritsch et al., 2007) . The firing of IHCs is also modulated by acetylcholine, which is released from the terminals of medial olivocochlear neurons, a cholinergic cell group located in the brainstem that transiently innervates IHCs (Simmons et al., 1996; Warr and Guinan, 1979) . Acetylcholine hyperpolarizes IHC by activating a9 and a10 subunit-containing nicotinic AChRs (Elgoyhen et al., 1994; Katz et al., 2004; Vetter et al., 1999) , leading to calcium influx and rapid activation of calcium-dependent small conductance potassium (SK2) channels (Fuchs and Murrow, 1992; Glowatzki and Fuchs, 2000; Johnson et al., 2011; Kros et al., 1998) . The role of the transient cholinergic innervation of immature IHCs has remained poorly understood, although it has been suggested that it modulates spontaneous activity levels or patterns (Glowatzki and Fuchs, 2000; Johnson et al., (D) Average bouton area normalized to LSO crosssectional area decreases in WT mice, but not in a9 KO mice (WT: 20% ± 1% LSO cross-sectional area at P12-P14 to 10% ± 2% at P19-P21, p < 0.001, Student's t test; KO: 21% ± 3% LSO crosssectional area at P12-P14 to 22% ± 1% at P19-P21, p = 0.75, Student's t test; WT versus KO at P19-P21: p < 0.0001). (E) Average width of bouton area along LSO tonotopic axis decreases in WT mice, but not in a9 KO mice (WT: 21% ± 1% LSO length at P12-P14 to 14% ± 2% at P19-P21, p = 0.002, Student's t test; KO: 23% ± 2% LSO length at P12-P14 to 27% ± 3% at P19-P21, p = 0.34, Student's t test; WT versus KO at P19-P21: p = 0.002). Errors bars represent SEM. At P12-P14, n = 10 axons from eight animals in WT mice and n = 10 axons from six animals in a9 KO mice. At P19-P21, n = 9 axons from eight animals in WT mice and n = 9 axons from eight animals in a9 KO mice. See Figure S6 for absolute values. 2011). Results from cochlear explants have provided evidence both for and against this hypothesis (Johnson et al., 2011; Tritsch et al., 2007) . Our in vivo recordings from MNTB neurons in a9 KO mice revealed normal average spike rates, typical bursting patterns, and normal accelerationdeceleration spike train dynamics (Figure 1 ), indicating these properties emerge independent of cholinergic transmission Tritsch et al., 2007) . Our results, however, reveal that acetylcholine modulates burst duration (50% decrease in a9 KO mice) and intraburst firing rates (70%-80% increase in in a9 KO mice). The mechanisms responsible for these changes remain to be determined but may include the loss of a tonic acetylcholine-mediated hyperpolarization of IHCs, resulting in an increased spiking during bursts (Johnson et al., 2011) or a deficit in the maturation of vesicle fusion in IHCs (Johnson et al., 2013) .
One could argue that the altered spike patterns of MNTB neurons in a9 KO mice result from changes in the CN or the MNTB itself, rather than from changes in the cochlea. However, this possibility seems rather unlikely due to the following arguments: First, the pattern of spontaneous activity in the MNTB of WT mice (Figure 1) is strikingly similar to the activity of MNTB neurons in rats, where it closely resembles the spike pattern of spiral ganglion cells , indicating a faithful transmission of spikes from the auditory nerve to the MNTB even at the young ages examined. Second, nicotinic a9 AChR subunits are not expressed in the brain and, within the auditory system, are expressed only in the cochlea (Allen Institute for Brain Science, 2012; Elgoyhen et al., 1994; Zuo et al., 1999) , arguing against altered cholinergic transmission at CN neurons (Brown et al., 1988; Brown and Vetter, 2009; Fujino and Oertel, 2001 ) in a9 KO mice. Third, glutamate sensitivity and glutamate-elicited spike patterns of MNTB neurons in a9 KO mice were normal ( Figure S2 ), as were the afferent pathways (Figure 9 ). Taken together, these results make it highly likely that the specific changes in the temporal firing pattern of MNTB neurons in a9 KO mice reflect changes in the activity pattern of spiral ganglion neurons.
Impaired Sharpening of Functional MNTB-LSO Maps in a9 KO Mice
The present study provides strong evidence that even subtle changes in the temporal pattern of spontaneous activity before hearing onset lead to profound deficits in the tonotopic precision of an inhibitory auditory map. Although changes beyond altered activity patterns within the cochlea cannot be excluded at this point, the most likely way that a genetic manipulation specific to cochlea hair cells could influence connections in the LSO (four synapses downstream from IHCs) is through activity propagated along the auditory pathway.
It remains to be shown why shorter bursts with higher spike frequencies interfere with the developmental strengthening of MNTB-LSO connections. Because the rise and decay times of postsynaptic currents were normal in a9 KO mice, it is unlikely that the smaller single-fiber responses are caused by more distal locations of dendritic inputs, reduced synchronicity of neurotransmitter release, or changes in GABA and glycine response components (Hirtz et al., 2012; Kapfer et al., 2002; Leao et al., 2004) . In contrast to single-fiber responses, maximal MNTB-LSO responses increased normally in a9 KO mice, suggesting that the developmental increase in the amount of inhibition in the LSO is resilient to abnormal temporal activity patterns. In line with this, the amount of inhibition in deaf otoferlin mice (Longo-Guess et al., 2007; Noh et al., 2010; Roux et al., 2006) or dn/dn mice (Couchman et al., 2011; Leao et al., 2006 ) is unchanged. However, in these genetically deaf mice, both cochleae are affected equally, leaving the excitation-inhibition balance in the LSO unchanged. In contrast, disturbing the excitation-inhibition balance, as is the case after unilateral cochlear ablation (Kotak and Sanes, 1996) or by blocking glutamate cotransmission at MNTB-LSO synapses (Noh et al., 2010) , leads to changes in the overall amount of inhibition in LSO neurons. These results support the notion that the amount of inhibition in the LSO is regulated by homeostatic plasticity rules whereas the strength of single-fiber inhibition is adjusted by the precise timing of inhibitory synaptic activity.
Distinct Developmental Periods for Functional and Structural Refinement
Activity-dependent changes in synaptic function usually are translated rapidly into changes in structural connectivity (Antonini and Stryker, 1993; Colman et al., 1997; Keck et al., 2011; Knott et al., 2002; Mikuni et al., 2013; Trachtenberg and Stryker, 2001; Yamahachi et al., 2009 ). In the MNTB-LSO pathway, however, functional and structural refinement are clearly segregated and occur during distinct developmental stages. Before the onset of hearing, synaptic silencing and strengthening sharpen functional connectivity, yet at the same time MNTB-LSO axons grow extensively to compensate for a growth of the LSO, maintaining a constant level of topographic precision on a structural level. This scenario predicts that silenced boutons remain present until the onset of hearing and that the majority of newly formed boutons remain silent. In contrast, axonal pruning and sharpening occur exclusively after hearing onset (Figure 6 ), when synaptic strengthening and silencing has already ceased (Walcher et al., 2011) . The segregation of functional and structural refinement may indicate that functional and anatomical refinement each requires synaptic properties or activity patterns that are only present before or after hearing onset such as corelease of glutamate or GABA from MNTB terminals (Case and Gillespie, 2011; Gillespie et al., 2005; Kotak et al., 1998; Nabekura et al., 2004 , Noh et al., 2010 or an excitatory action of GABA/glycine (Kakazu et al., 1999; Kandler and Friauf, 1995; Kullmann et al., 2002) . Linking these transient properties to specific processes in the functional and structural refinement of the MNTB-LSO pathway will be important for understanding tonotopic refinement of auditory pathways and the developmental emergence of precise inhibitory circuits in other brain regions.
Precise MNTB-LSO Maps Emerge through Directed Axon Growth followed by Nondirected Axonal Pruning Precise neuronal maps generally emerge via a two-stage process consisting of an initial exuberant growth of axons followed by the specific pruning of ''incorrect'' axonal branches, which is guided by patterned neuronal activity (Nakamura and O'Leary, 1989; Shatz, 1996) . Topographic sharpening of the MNTB-LSO pathway deviates from this scheme because the addition of (C) Average bouton area normalized to LSO crosssectional area also does not differ between WT and WT-NR mice at P19-P21 (10% ± 2% LSO area in WT compared to 11% ± 1% LSO area in WT-NR, p = 0.34, Student's t test), but is significantly reduced compared to WT mice at P12-P14 (20% ± 1% LSO area, p < 0.0005 for both WT and WT-NR). (D) Average width of bouton area along LSO tonotopic axis also does not differ between WT and WT-NR mice at P19-P21 (14% ± 2% LSO length in WT compared to 14% ± 1% LSO length in WT-NR, p = 0.71, Student's t test), but is significantly reduced compared to WT mice at P12-P14 (21% ± 1% LSO length, p < 0.002 for both WT and WT-NR). Errors bars represent SEM. n = 9 axons from eight animals in WT mice and n = 14 axons from 11 animals in WT-NR mice. new boutons before hearing onset is directed to the ''correct'' area (center of the termination field; Figure 5 ) whereas subsequent bouton elimination is nonspecific, following a ''sinking iceberg'' mechanism ( Figure 7 ). Because nondiscriminatory pruning does not necessitate guidance by instructive signals derived from sound-evoked activity, pruning should be resilient to abnormal patterns of hearing-evoked activity. In support of this, noise-reared animals show normal pruning (Figure 8 ). It remains to be shown whether directed growth and unguided pruning are features unique to the LSO or related to the inhibitory nature of the MNTB-LSO pathway.
Structural Refinement in a9 KO Mice Axonal growth and bouton addition were normal a9 KO mice, indicating that the amount and spatial specificity of axon growth is insensitive to the altered temporal pattern of spontaneous activity in a9 KO mice. Because functional map refinement was impaired in a9 KO mice, it appears that functional and structural refinement are differentially regulated by spontaneous activity before hearing onset. Axonal pruning after hearing onset, however, was severely impaired in a9 KO mice (Figures 6 and 7) . While it remains to be shown whether these deficits persist throughout adulthood, the lack of pruning was unexpected because a9 KO mice lack any obvious hearing deficits (Vetter et al., 1999 , May et al., 2002 . It is possible that neurons in the MNTB-LSO pathway or in upstream areas have subtle changes in sound-evoked or spontaneous activity, which may prevent pruning. However, because pruning was normal in noise-reared animals, possible changes in sound-evoked or spontaneous activity a9 KO mice after hearing onset would need to be dramatic to disrupt pruning and thus would have disrupted normal hearing (Vetter et al., 1999 , May et al., 2002 . Our results rather support the interpretation that structural refinement after hearing onset depends on the refinement of synaptic strength and functional maps before hearing onset.
EXPERIMENTAL PROCEDURES Animals and Preparation
Experiments were performed on a9 KO mice (on background 129S6/SvEv) or WT mice (129S6/SvEv) (Vetter et al., 1999) . Experimental procedures were in accordance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh and by the Saxonian District Government Leipzig (TVV 06/09).
In Vivo Recording and Burst Analysis
Single units were recorded from the MNTB in P8 mice under xylazine hydrochloride anesthesia (Sonntag et al., 2009) . MNTB principal neurons were identified by the complex waveform and recording sites were also verified histologically. Mini-bursts and bursts were defined based on the population ISI histogram ( Figure S1 ). Within a burst, spikes that did not form mini-bursts were analyzed separately as single spikes (Figures 1K and 1L) . In Figure 1M , we refer to mini-bursts and single spikes together as ''spike clusters'' to analyze them together in a single temporal sequence.
In Vitro Electrophysiological Recordings and Functional Mapping
Whole cell recordings were obtained from neurons in the medial LSO in 300 mm thick slices with recording electrodes (2-3 MOhm) containing (in mM) 76 Cs-methanesulfonate, 56 CsCl, 10 EGTA, 1 MgCl 2 , 1 CaCl 2 , 2 ATP-Mg, 0.3 GTP-Na, 5 Na 2 -phosphocreatine, and 10 HEPES (Kim and Kandler, 2003) . For current clamp recordings ( Figure S2 ), Cs-methanesulfonate was replaced with K-gluconate. MNTB-LSO connections were mapped by photolysis of p-hydroxyphenacyl-glutamate (Givens et al., 1997) or CNBglu (150-200 mM; Invitrogen) using a fiber optic-based system (Kandler et al., 2013) and 20 ms (P1-P3) or 100 ms (P10-P12) light pulses. For minimal and maximal stimulation, MNTB axons were stimulated with constant current pulses (0.2 ms) at a rate of 0.2 Hz. The experimenter was blind to the genotype of the animals until data analysis was completed. Convergence ratios were determined using bootstrap resampling of maximal and minimal PSC amplitudes and statistical significance was determined with a permutation test ( Figure 3F ).
Noise-Rearing Protocol
Mice were reared from P8 until P19-P21 in pulsed white noise (70 dB SPL) in a sound-attenuating chamber (Coulbourn Instruments). White noise pulse length was pseudorandomly set to 700-1400 ms, and pulses were pseudorandomly presented at a rate of $36 per minute.
Axon and Bouton Analysis MNTB neurons were filled with patch pipettes containing 0.1 mM Alexa Fluor 568 hydrazide (Invitrogen) and 0.5% biocytin, followed by standard biocytin histochemistry. Axons and boutons within the LSO were reconstructed using a Neurolucida system (MBF Bioscience). Cells with cut axon branches within the LSO were discarded from analysis. Bouton area was determined by fitting an ellipse that maximized the density of enclosed boutons. Analysis using bouton areas determined by conventional approaches (connecting peripheral boutons) yielded qualitatively and statistically similar results. Density heat maps were created by overlaying boutons with a two-dimensional grid comprised of 56.8 mm 2 (at P2-P4) or 100 mm 2 (at P12-P14 and P19-P21)
bins. The chosen bin size encompassed a constant proportion of LSO area ($0.08%) across ages. Bouton numbers per bin were calculated for each axon and then averaged across axons. Throughout the paper, results are presented as mean ± SEM, and a Student's t test was used unless stated otherwise.
In Vitro Tracing
Following decapitation and removal of the brain, a small crystal of biocytin (Sigma-Aldrich) was inserted into the cochlear nucleus (Kandler and Friauf, 1993) . Brains were incubated in artificial cerebrospinal fluid for 3-4 hr, fixed for 2-5 days (4% parafomaldehyde), and processed for biocytin (Vectastain ABC kit). Calyceal axons were labeled in 300 mm thick living slices by inserting a crystal of rhodamin dextrane (Sigma-Aldrich) into the acoustic decussation between both MNTBs. After 30-60 min, slices of the calyces were imaged with a two-photon microscope (VIVO 2-photon, Intelligent Imaging Innovations) with excitation at 810 nm and z axis spacing of 0.5 mm.
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